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DL, 0000-0001-9437-4510 Chromium (Cr) contamination in soil, especially Cr(VI), is a serious threat to the environment and human health. The electrokinetic remediation (EKR) is a promising technology to remediate the Cr(VI). Therefore, in this study, EKR coupled with a permeable reactive barrier (PRB) was used to treat the Cr(VI)-contaminated soil. The CTMAB-Z, a modified zeolite (prepared with cetyltrimethyl ammonium bromide) alone and a mixture of CTMAB-Z and Fe(0) were used as PRB-1 and PRB-2 reactive media, respectively. The effect of chemical enhancers/additives, i.e. DL-tartaric acid and Tween 80 on EKR of Cr(VI) was also analysed in the contrasting experiments. While the effects of repair time, voltage gradient and DL-tartaric acid concentration on Cr(VI) remediation were investigated by using the multifactor orthogonal experiment which was based on contrasting experiments. The contrasting experiment results showed that the highest Cr(VI) removal rate (66.27%) and leaching efficiency (71.29%) were observed in the experimental group which had DL-tartaric acid and PRB-2. Furthermore, the multifactor orthogonal experiment results had depicted that the highest Cr(VI) removal rate (80.92%) and leaching efficiency (85.25%) were achieved after treating the samples at a voltage gradient of 2.5 V cm 21 for 8 days in the presence of 0.15 M concentration of DL-tartaric acid. This study demonstrated that Cr(VI) remediation through EKR process could be significantly enhanced by the use of PRB and additives.
Introduction

Material and methods
Materials and chemicals
The zeolite was purchased from Sinopharm Group Chemical Reagent Co. Ltd (Shanghai, China). The Crcontaminated soil samples were collected from an industrial park situated in Chongqing, China, dried and sieved through a 100-mesh sieve. Deionized water was used throughout the experiment and all chemicals were of analytical grade.
Preparation of modified zeolite (CTMAB-Z)
The zeolite (20 -40 mesh) was dried at 1058 for 12 h after several times of washing with deionized water. Subsequently, the zeolite was mixed with 0.1 M cetyltrimethyl ammonium bromide (CTMAB) at a ratio of 1 : 5 (solid-to-liquid, g ml 21 ) , then shaken at a rate of 150 r.p.m. for 6 h at room temperature. Finally, the dried zeolite was used as PRB reactive media after 8 -10 times of washing with deionized water.
Experimental device
The EKR experiments were carried out in a self-made rectangular glass reactor. The equipment consisted of three main parts: sampling region/soil remediation chamber, cathode compartment (C1) and anode compartment (C2). The soil remediation chamber (100 Â 70 Â 80 mm) was evenly divided into S1, S2 and S3 regions directed from the cathode to the anode. The power was supplied through low-voltage DC power source which was connected to the graphite anode and the stainless-steel cathode via an aluminium wire. But, the 0.1 M potassium chloride solution was used as the initial electrolytic solution in the electrolytic cell. All the EKR experiments were performed with 120 g of soil. Moreover, the PRB was placed between the S3 region and the C2 region as shown in figure 1.
Design of experiment
Equilibrium adsorption experiments
The equilibrium adsorption experiment was carried out in 100 ml conical flasks. The specified amounts of adsorbents (the modified zeolite (CTMAB-Z) and original zeolite (UM-Z)) were added into the conical flask which already contained 20 ml of K 2 Cr 2 O 7 solution with determined concentrations. The solution was filtered after shaking at room temperature for 6 h at a speed of 150 r.p.m. The concentration of Cr(VI) in supernatant solution was determined and the removal rate was calculated as follows:
where @ 0 and @ e are the Cr(VI) concentrations (mg l 21 ) before and after the equilibrium adsorption experiment, respectively.
Electrokinetic remediation experiment
The contrast experiments were classified into six groups based on experimental conditions and the results are shown in table 1. The PRB was classified as PRB-1 and PRB-2 depending upon reactive media. In PRB-1, only single adsorbent (CTMAB-Z) was used. But, a mixture of CTMAB-Z and Fe(0) was used as a composite adsorbent in PRB-2. In addition, different chemical additives, i.e. 0.1 M DL-tartaric acid, 0.1% Tween 80 and mixture (0.1 M DL-tartaric acid and 0.1% Tween 80), were used as the catholyte to enhance EKR process, it was believed that catholyte can improve the remediation effect by controlling pH and enhancing migration effect [18,36 -38] . The samples were remediated for 5 d under a constant supply of voltage (2.0 V cm 21 ) in six experimental groups. Furthermore, the multifactor orthogonal experiments based on the results of these six experimental groups were carried out to further enhance the Cr(VI) remediation efficiency. The effects of three different factors (repair time, voltage gradient and concentration of DL-tartaric acid), each with three levels on Cr(VI) remediation efficiency were evaluated in the multifactor orthogonal experiment. The details about the orthogonal experiments are presented in tables 2 and 3.
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Finally, two replicates of experiments were carried out to verify the optimal combination obtained by the range analysis in orthogonal experiments.
Experimental calculations
The concentration of Cr(VI) in soil was determined by the ultraviolet spectrophotometer after alkali digestion in accordance with the Chinese standard HJ687-2014 solid waste-determination of Cr(VI). The main processes were as follows: the soil was mixed with Na 2 CO 3 /NaOH and K 2 HPO 3 /KH 2 PO 3 solutions and stirred at 90-958C for 1 h; After that, the mixture was filtered through the filter pump; in the end, the extracted solution was adjusted to pH 9.0 + 0.2 with HNO 3 and fixed to 100 ml before the following testing.
The leaching toxicity of solid waste refers to the concentration of pollutants in the leaching solution of solid waste obtained through a leaching procedure. The leaching toxicity of Cr(VI) in soil was analysed through the ultraviolet spectrophotometer after treating with an acid solution in accordance with the Chinese standard HJ/T299-2007 solid waste leaching toxicity-sulfuric acid and nitric acid method. The soil was mixed with acid solution (sulfuric acid and nitric acid, pH ¼ 3.20 + 0.05) and shaken at room temperature for 18 + 2 h at a speed of 120 r.p.m., then concentration of Cr(VI) in the supernatant after filtering was measured. The Cr(VI) removal rate or leaching efficiency was calculated using the following formula:
where g is the Cr(VI) removal rate or leaching efficiency, g 0 is the initial Cr(VI) concentration or leaching toxicity and g t is the Cr(VI) concentration or leaching toxicity after the experiment.
Results
Characterization analysis of zeolite before and after modification
The characteristics of soil used in this study were first analysed. The elemental composition of soil was detected with X-ray fluorescence and is shown in table 4; The physical and chemical analyses are mentioned in table 5, while the particle-size distribution of soil samples was also obtained with particle size analyser and is shown in figure 2 . After that, the zeolite was also characterized as follows:
(a) SEM and specific surface area. The specific surface area has great impact on the adsorption properties of adsorbent material. According to the data of table 6, the specific surface area of UM-Z was higher than that of CTMAB-Z. During the modification with CTMAB, N-terminus adsorption on the surface of zeolite caused the formation of micelle-like cationic surfactant membrane, decreasing the specific surface area. But, the CTMAB-Z possessed higher pore volume and size due to the removal of impurities after washing. These results were consistent with SEM images (figure 3): the CTMAB-Z had a smooth surface when compared with UM-Z. Moreover, a large number of small granular particles were shown in SEM images (figure 3a,b) of UM-Z, indicating the higher specific surface area. (b) FTIR analysis. FTIR analysis is regarded as an effective method for determination of structural characteristics and functional groups of inorganic, organic and compound molecules [23] . The FTIR spectra of UM-Z and CTMAB-Z are shown in figure 4 . The new adsorption peaks corresponding to 2CH 2 were observed around 2918 and 2850 cm 21 bands in CTMAB-Z. The antisymmetric and symmetric stretching vibrations around 2918 and 2850 cm 21 peaks were corresponding to 2CH 2 . But the plane-shearing vibrational band of 2CH 2 was observed at a wavelength of 1473 and 21 . Moreover, the antisymmetric angular vibrational peak of -CH 3 linked to N þ was analysed at 1487 cm 21 . These peaks along with ammonium peak (1384 cm 21 ) were not observed in UM-Z. It indicated that these peaks resulted due to the successful loading of surfactant onto the zeolite in CTMAB-Z. (c) Zeta potential analysis. The zeta potential is a potential on the sliding surface of colloidal double electric layer which defines the electrostatic properties of the colloid. The electrostatic principle states that positive and negative zeta potential can attract anions and cations, respectively. According to figure 5 , the UM-Z had 249.4 mV zeta potential. But surfactant (CTMAB) adsorption caused the reverse potential of zeolite (23.6 mv) upon its adsorption on zeolite surface, indicating that CTMAB-Z had a higher Cr(VI) adsorption capability.
Equilibrium adsorption experiment results
Effect of Cr(VI) concentration
In figure 6 , the Cr(VI) removal rate decreased with an increase of Cr(VI) concentration in both UM-Z and CTMAB-Z, as the adsorbent easily attained the equilibrium condition at higher Cr(VI) concentrations. But, higher removal rate of Cr(VI) was observed in CTMAB-Z when compared with UM-Z at all Cr(VI) levels which was observed by the appearance of both materials ( figure 7) . The low removal rate of UM-Z was due to the negatively charged silica-alumina oxygen skeleton. By contrast, the modification of zeolite with CTMAB had developed net positive charge on its structure, which was feasible for removal of Cr(VI) anions.
Effect of adsorbent dosage
The removal efficiency of different adsorbent dosage on initial Cr(VI) concentration (50 mg l 21 ) is shown in figure 8 . Generally, the removal rate increased by increasing the dosage of adsorbent in both cases, i.e. UM-Z and CTMAB-Z. The linear increase in removal rate was observed in UM-Z, but there was no 
Electrokinetic remediation experiments
Macro-phenomena of electrokinetic remediation
Some phenomena observed frequently during the EKR experiments were summarized as follows:
(1) The bubbling phenomenon was observed in cathode and anode regions which was increased with an increment of voltage gradient, indicating the electrolytic reactions were more intense at higher voltage gradient. The specific reactions occurred at cathode and anode regions are given below:
anodic reaction: The similar trend regarding current variations was observed in all experimental groups: initially, the current increased and then gradually decreased ( figure 9 ). The current was proportional to the number of free ions, i.e. OH 2 and H þ , coming from the electrolysis reaction and the soluble salts and heavy metal ions released from the soil [27] . Therefore, the increase of current was due to more free ions and continuous release of metal ions from soil [22] . But the decrease of current was the result of two mechanisms: first, under the action of an electric field, heavy metals and other free ions migrated towards their respective electrode compartments during the EKR; then, the precipitation of OH 2 with metal ions in the alkaline environment caused an increase in resistance.
Overall, the higher current was observed in experimental groups which only have KCl electrolytic solution as compared to those groups which also had DL-tartaric acid or Tween 80 additives. Theoretically, KCl can be easily disassociated into free ions, increasing the ion concentration and also the solution conductivity. But the lack of additives resulted in a quick decrease in current with the passage of time. Comparatively, the lowest current was observed in the A5 group (having 0.1% Tween 80), and the low ion concentration in the system was due to less concentration of ions dissolved from the Tween 80. According to figure 9, the highest current was observed in the group A2 (CTMAB-Z) when compared with A1 and A3, indicating that the CTMAB-Z favoured the release of adsorbed ions from the soil due to a concentration gradient. The lower current in the group A3 than the A2 group was due to the release of Fe(II) in the acidic environment. In the later stage, the Fe(II) was oxidized to Fe(III) with the decrease of Cr(VI) to Cr(III). Part of these Fe(III) and Cr(III) ions was adsorbed on the surface of zeolite, and the remainder can migrate into soil and precipitate, which hindered the migration of free ions.
pH variations
The pH variations before and after the EKR experiment were analysed and shown are in figure 10 . Before EKR, the soil samples acidified with DL-tartaric acid had lower pH when compared with other groups which possessed pH higher than 7. By contrast, a decrease in pH was observed from the cathode to the anode after EKR. It was due to the generation of OH 2 ions at the cathode and H þ ions at the anode as a result of electrolysis of water molecules. In the S1 and S3 regions, the pH was observed in the range of 12-14 and 3-7, respectively. In spite of higher migration rate of H þ than OH 2 , the native alkaline environment of soil with strong buffering capacity caused the partially alkaline pH of the S2 region. In this study, the addition of PRB resulted in an increase in pH value in the S3 region, as the PRB exhibited a positive surface potential, adsorbing OH 2 ions and preventing the migration of H þ .
Remediation efficiency of Cr(VI)
The average removal rate and leaching efficiency of six experimental groups are shown in table 7. The significant differences regarding Cr(VI) removal were observed among these groups. The Cr(VI) remediation efficiency was observed in the following order: A4 . A5 . A6 . A3 . A2 . A1. These results indicated the DL-tartaric acid and PRB-2 improved the Cr(VI) remediation efficiency. Basically, DL-tartaric acid had controlled the pH and accelerated the Cr(VI) migration by acidification effect. Regarding PRB-2, CTMAB-Z and Fe(0) reduced the Cr(VI) concentration through adsorption and reduction effect. In this study, A1-A3 groups had no additives, while A4-A6 groups had additives. The groups without additives had better removal rate when compared with leaching efficiency. It might be because the oxidizable and reducible states of Cr(VI) were transformed into the acid extractable state during the EKR process, resulting in a low leaching efficiency. But the removal rate and leaching efficiency were increased after the addition of additives, which indicated that these additives had good effect during the EKR process. Overall, the A2 and A3 groups had higher remediation efficiency when compared with the A1 group due to the presence of PRB. As mentioned earlier, the CTMAB-Z in PRB-1 possessed adsorbing effect and the addition of Fe(0) in PRB-2 further brought the reduction effect. As a result, the A2 and A3 groups exhibited higher remediation efficiencies than the A1 group.
According to figure 11 , the Cr(VI) remediation efficiency gradually decreased from the S1 region to the S3 region due to the migration of Cr(VI) from the cathode to the anode. The lower pH also contributed to a higher adsorption of Cr(VI), therefore lowering the remediation efficiency in the S3 region. The results were in accord with the report of Al-Hamdan [5] . In the case of the group A3, the remediation efficiency of Cr(VI) increased from the S1 to the S3 region due to the increase of H þ ion concentration. This increase of H þ ion concentration caused the oxidation of Fe(0) to Fe(II) ions, along with the reduction of Cr(VI) to Cr(III).
The multifactor orthogonal experiments
The main purpose of the orthogonal experiment was to achieve the optimum levels of concerned factors, i.e. repairing time, voltage gradient and DL-tartaric acid concentration.
(a) The current variations with respect to time. Among all groups, a similar trend (initial increase and then gradual decrease) regarding current changes was analysed and presented in figure 12 . The current variations were proportional to the concentration of free ions, and further explanations can be seen in §3.3.2.1. Moreover, the current was also mainly affected by voltage gradient: the higher the voltage gradient, the higher the current. S2 S3 C2 electrolytic compartment C1 S1 S2 S3 C2 electrolytic compartment A1 A2 A3 A4 A5 A6 A1 A2 A3 A4 A5 A6 Figure 10 . pH variations of (a) before EKR and (b) after EKR. The influence of various factors on the remediation efficiency of Cr(VI) is shown in figure 13 . First of all, the highest remediation efficiency of Cr(VI) was observed after treating the samples for 8 days, indicating that increasing the period of time benefited the migration of Cr(VI). Then, the highest voltage gradient (2.5 V cm 21 ) also caused the highest migration speed and the highest removal rate. Moreover, increasing the concentration of DL-tartaric acid also caused a higher release of Cr(VI), and the best results were obtained with 0.15 M DL-tartaric acid. In addition, according to R values (table 9), these factors had varying degrees of influence on the remediation efficiency of Cr(VI) and the order is as follows: repair time (A).voltage gradient (B).concentration of DL-tartaric acid (C). Overall, the optimum level of these factors regarding remediation efficiency of Cr(VI) in this study is summarized as A3 (8 days repair time), B3 (2.5 V cm 21 of voltage gradient) and C3 (0.15 M DLtartaric acid concentration). In other words, the highest remediation efficiency of Cr(VI) was achieved after treating the samples at a voltage gradient of 2.5 V cm 21 for 8 days in the presence of 0.15 M concentration of DL-tartaric acid.
Furthermore, the EKR based on the optimum level was carried out. For this purpose, the two replicates of experiments were carried out in accordance with this optimum combination (A3B3C3). In In addition, the remediation efficiency of S3 was highest and it was significantly improved in this section when compared with contrast experiment. These results also indicated that Fe(0) had a good reduction 
Discussion
Removal mechanisms of Cr(VI)
The EKR is based on the migration of heavy metal ions towards the cathode or the anode region under the action of an electric field which was supplied through an external voltage source. Regarding Cr(VI), the remediation mechanism was carried out by four main processes: (i) the reaction of water resulted in a changing the pH of the sample area; (ii) Cr(VI) in soil sample dissolved out continuously during the EKR process; (iii) the dissolved Cr(VI) migrated towards the cathode under the action of an electric field; (iv) the PRB reduced the Cr(VI) by the adsorption and reduction reaction. Generally, Cr(VI) oxyanions migrated from the cathode to the anode under the action of an electric field during EKR and this electromigration process was further improved by the use of additives, i.e. DL-tartaric acid and Tween 80. The DL-tartaric acid controlled the pH of soil through acidification effect and resulted in the release of Cr(VI) ions. But, Tween 80 had good solubility effect which caused the higher desorption of Cr(VI) ions from the soil by forming micelle structures. PRB-1 and PRB-2 had remediated the Cr(VI) through its adsorption and reduction with the presence of CTMAB-Z and Fe(0). The main reactions of Fe(0) and Cr(VI) in the EKR process were as follows: 
Changes in Cr morphology/forms
The migration effect of Cr varied depending on the morphologies of the soil. The Cr in soil existed as extractable, carbonate, Fe-Mn oxides, organic and residual states. The soil samples before and after the EKR (samples in the A4-S1 region) were subjected to the Tessier extraction method for determination of different morphs/states of Cr. The A4 group, especially the A4-S1 region, achieved the best results in the contrast experiments and was picked up for the following experiments. By conducting the morphological analysis of this typical region (A4-S1), it is reasonable to comprehensively understand the migration of Cr and its effect on the remediation of environmental toxicity with the EKR. According to the results of figure 15, more than 65% of Cr existed as a residual state. Moreover, the easily releasable forms, i.e. exchangeable and carbonate fractions, were significantly decreased after the remediation. The oxides and organic fraction were also decreased due to the acidification effect of DL-tartaric acid. But, the residual fraction increased after remediation which was due to its low release and high stability in the soil. Overall, EKR coupled with PRB-2 in the presence of DL-tartaric acid is a promising and effective approach to reducing the environmental risks caused by Cr exposure.
Conclusion
In this study, Cr-contaminated soil was treated through EKR coupled with PRB in the presence of chemical additives. The following conclusions were drawn in this study:
(1) In the equilibrium adsorption experiments, the modified zeolite (CTMAB-Z) had higher anionic adsorption capacity when compared with original zeolite (UM-Z) due to the formation of net positive charge on its surface. (2) In the contrasting experiments, the A4 group having PRB-2 (containing CTMAB-Z and Fe(0)) and DL-tartaric acid possessed the best Cr(VI) remediation effect, as the DL-tartaric acid desorbed the higher amount of Cr(VI) migration towards the anode. Simultaneously, the Cr(VI) was adsorbed and reduced to Cr(III) by CTMAB-Z and Fe(0). (3) In the multifactor orthogonal experiments, the Cr(VI) remediation efficiency was greatly influenced by the repair time followed by the voltage gradient and the DL-tartaric acid concentration. Moreover, the best remediation efficiency of Cr(VI) was achieved after treating the sample for 8 days at a voltage gradient of 2.5 V cm 21 along with 0.15 M of DL-tartaric acid. (4) Conclusively, the EKR can be effectively used for the removal of easily available forms of Cr(VI), i.e. exchangeable and organic states. But, sole EKR-treated samples after periods of decades can cause a secondary pollution by releasing Cr(VI) ions which existed as an acid extractable form in the soil. Therefore, the EKR coupled with PRB-2 (mixed CTMAB-Z and Fe(0)) in the presence of DLtartaric acid could be more effective to remediate the Cr-contaminated soils for a long period of time. 
